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Deep  level  transient  spectroscopy  (DLTS)  measurements  have  been  made  on  GaAs  n+p  diodes 
containing  GaSb  self-assembled  quantum  dots  and  control  junctions  without  dots.  The 
self-assembled  dots  were  formed  by  molecular  beam  epitaxy  using  the  Stranski-Krastanov  growth 
mode.  The  dots  are  located  in  the  depletion  region  on  the  p  side  of  the  junction  where  they  act  as 
a  potential  well  that  may  capture  and  emit  holes.  Spectra  recorded  for  temperatures  between  77  and 
440  K  reveal  several  peaks  in  diodes  containing  dots.  A  control  sample  with  a  GaSb  wetting  layer 
was  found  to  contain  a  single  broad  high  temperature  peak  that  is  similar  to  a  line  found  in  the  GaSb 
quantum  dot  samples.  No  lines  were  found  in  the  spectra  of  a  control  sample  prepared  without 
GaSb.  DLTS  profiling  procedures  indicate  that  one  of  the  peaks  is  due  to  a  quantum-confined  energy 
level  associated  with  the  GaSb  dots  while  the  others  are  due  to  defects  in  the  GaAs  around  the  dots. 

The  peak  identified  as  a  quantum-confined  energy  level  shifts  to  higher  temperatures  and  its 
intensity  decreases  on  increasing  the  reverse  bias.  The  activation  energy  for  the  quantum-confined 
level  increases  from  400  meV  when  measured  at  a  low  reverse  bias  to  550  meV  for  a  large  reverse 
bias.  Lines  with  activation  energies  of  400,  640,  and  840  meV  are  associated  with  defects  in  the 
GaAs  based  on  the  bias  dependence  of  their  peak  positions  and  amplitudes. 
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INTRODUCTION 

Self-assembled  quantum  dots  (QDs)  have  attracted  much 
attention  because  of  interest  in  studying  the  basic  physics  of 
zero  dimensional  quantum  confined  systems  and  for  their 
potential  applications  in  optoelectronic  and  electronic  de¬ 
vices.  From  the  materials  point  of  view,  there  are  many  ques¬ 
tions  about  the  details  of  the  growth  processes,  particularly 
the  Stranski-Krastanov  (SK)  growth  mode,1  that  need  to  be 
resolved  to  narrow  the  size  distribution  of  the  QDs.  Little  is 
known  about  the  growth  induced  defects  in  the  dots  and  the 
region  around  them.  These  defects  may  produce  nonradiative 
recombination  phenomena  that  would  have  a  negative  impact 
on  the  optical  properties  of  the  dots.  The  InvGaj_  vAs/GaAs 
QD  system  is  the  most  intensively  studied  system  because  of 
the  interest  in  developing  lasers  incorporating  them  in  the 
active  region.2'3  High  electron  mobility  transistor4  and 
memory  devices5  using  InAs/GaAs  QDs  have  also  been  re¬ 
ported.  To  date  little  effort  has  been  devoted  to  GaSb  QDs 
prepared  by  molecular  beam  epitaxy  (MBE)  on  GaAs  using 
the  SK  growth  mode.  Photoluminescence  (PL)  experiments 
have  demonstrated  that  GaSb  QDs  are  significantly  different 
from  In  vGa ,  tAs/GaAs  QDs  are  they  have  a  type  II  band 
structure  with  a  well  in  the  GaSb  valence  band,  which  cap¬ 
tures  holes,  and  a  barrier  in  the  conduction  band,  which  pre¬ 
vents  the  capture  of  electrons. 6~s  This  band  stmcture  may  be 
useful  in  electronic  devices,  particularly  those  requiring 
charge  storage. 

Space  charge  techniques  such  as  deep  level  transient 
spectroscopy  (DLTS),9  capacitance-voltage  (C-V),  and 
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thermally  stimulated  capacitance  have  the  potential  for  re¬ 
vealing  useful  data  on  quantum-confined  states.  The  sub¬ 
bands  of  a  dot  are  expected  to  trap  and  emit  charge  in  a  way 
that  is  similar  to  the  trapping  and  emission  processes  of  point 
and  extended  defects  that  are  frequently  studied  by  DLTS. 
Capacitance  techniques  may  also  reveal  the  presence  of  non¬ 
radiative  defects  in  the  dots  or  the  neighboring  semiconduc¬ 
tor  that  are  not  observable  in  PL  spectroscopy.  DLTS  tech¬ 
niques  have  already  been  used  to  provide  data  on  several 
other  QD  systems.  A  DLTS  study  of  hole  energy  levels  in 
MBE  grown  InAs/GaAs  QDs  identified  a  peak  with  an  en¬ 
ergy  of  225  meV  as  the  QDs  hole  ground  state.10  Lines  in  the 
DLTS  spectra  were  also  associated  with  defects  in  the  vicin¬ 
ity  of  the  dots,  and  some  of  the  defects  have  displayed  meta¬ 
stable  behavior.10  Coulomb  charging  and  electric  field  stimu¬ 
lated  emission  have  been  reported  for  a  DLTS  line  with  an 
activation  energy  of  220  meV  and  identified  as  the  one  elec¬ 
tron  ground  state  in  InP  quantum  dots  embedded  in 
Ga05In05P. 1112  An  activation  energy  of  100  meV  has  been 
reported  for  a  quantum-confined  electron  level  in 
In05Ga05As  dots  on  GaAs.13 

Optical  properties  of  GaSb  QDs  have  been  investigated 
by  PL.  The  data  show  a  strong  emission  band  near  1.14  eV  at 
low  excitation  density.6'7  This  band  has  been  found  to  shift  to 
higher  energy  as  the  excitation  power  density  is  increased 
indicating  a  type  II  band  structure.  Further  proof  of  the  type 
II  band  structure,  with  the  holes  in  the  GaSb  and  the  elec¬ 
trons  in  the  GaAs,  has  been  obtained  by  making  PL  measure¬ 
ments  on  GaSb  dots  grown  on  AQGa^j.As  (x  =  0.1,0.2).7 
Details  of  the  band  structure  for  the  GaSb  self-assembled 
dots  are  difficult  to  predict  as  they  are  dependent  upon  the 
strain  in  the  dots  and  the  possible  mixing  of  light  and  heavy 
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FIG.  1.  Schematic  of  the  p+n  junctions  with  the  dots  located  a  distance  L 
from  the  p+n  interface.  W  is  the  depletion  width  with  a  bias,  VR  ,  applied. 
The  occupancy  of  a  state  with  energy  EA  is  determined  by  the  Fermi 
energy  E  F . 

hole  bands.  Difficulties  in  modeling  the  PL  data  were  dis¬ 
cussed  by  North  et  al.  who  indicated  the  need  for  additional 
techniques  for  exploring  the  nature  of  the  GaSb  self- 
assembled  dots.14 

A  variety  of  other  experiments  have  been  used  to  exam¬ 
ine  self-assembled  GaSb  quantum  dots.  The  MBE  growth 
parameters  necessary  for  the  formation  of  GaSb  dots  on 
GaAs  have  been  determined  by  atomic  force  microscopy 
(AFM)  measurements, 15-17  scanning  tunneling  microscopy,18 
and  scanning  electron  microscopy19  on  uncovered  GaSb 
dots.  Transmission  electron  microscopy  measurements  have 
provided  information  about  the  sizes  of  GaSb  dots  covered 
by  a  GaAs  cap  layer  that  is  used  to  protect  the  dots  in  the  PL 
measurements.6'16  Information  about  the  chemical  composi¬ 
tion  of  the  dots  has  been  obtained  by  using  Raman  spectros¬ 
copy  to  measure  their  phonon  modes.17,20  Additional  confir¬ 
mation  of  the  barrier  to  electron  capture  comes  from  ballistic 
electron  emission  microscopy  measurements  that  place  the 
conduction  band  of  the  GaSb  dots  at  0.08±0.02eV  above 
the  GaAs  conduction  band.21,22 

EXPERIMENTAL  DETAILS 

A  schematic  diagram  of  a  junction  containing  a  self- 
assembled  dot  is  illustrated  in  Fig.  1  to  aid  in  understanding 
a  DLTS  experiment.  The  measurement  consists  of  monitor¬ 
ing  the  capacitance  C  of  a  diode  while  applying  a  reverse 
bias  VR  to  set  the  size  of  the  depletion  region  W.  C 
=  eA/W  where  A  is  the  area  of  the  device  and  e  is  the  di¬ 
electric  constant.  A  periodic  voltage  pulse  with  a  pulse  width 
PW  and  amplitude  PH  is  also  applied  to  move  the  energy 
level  Ea  above  the  Fermi  level  allowing  holes  to  be  captured 
on  the  dot.  Capture  rate  studies  are  done  by  varying  the  pulse 
width  PW  over  a  time  scale  that  ranges  from  shorter  to 
longer  than  the  time  scale  for  the  capture  process.  When  the 
bias  is  returned  to  VR  the  energy  level  will  be  moved  below 
the  Fermi  level,  and  the  trapped  holes  will  make  the  deple¬ 
tion  region  a  little  longer  than  it  was  before  the  filling  pulse 
was  applied.  The  system  will  return  to  equilibrium  as  the 
trapped  holes  are  emitted,  and  as  this  happens  the  depletion 


layer  thickness  will  shrink.  Since  the  emission  process 
changes  the  thickness  of  the  depletion  layer  it  can  be  moni¬ 
tored  by  measuring  the  time  dependence  of  the  capacitance. 
The  emission  rate  is  highly  temperature  dependent  as  it  is  a 
thermally  activated  process.  The  measurement  system  is  set 
to  be  sensitive  to  an  emission  rate  eR  by  recording  the  ca¬ 
pacitance  at  times  T j  and  T2  following  the  application  of  the 
filling  pulse.  The  temperature  dependence  of  SC 
=  CA  T 2)~  CA  T \ )  is  recorded  as  the  spectra.  If  several  energy 
levels  are  present  each  with  its  own  parameters,  they  each 
will  be  observed  in  a  different  temperature  range  in  a  tem¬ 
perature  scan.  Most  spectra  were  recorded  with  a  PW  of  5 
/jls,  although  some  were  also  recorded  with  a  PW  of  1  ms  to 
check  that  5  /j,s  was  long  enough  to  fill  the  energy  levels  in 
order  to  compare  peak  heights. 

The  energy  level  of  a  state  relative  to  the  valence  band 
edge  is  found  by  recording  spectra  for  several  emission  rates 
and  then  applying  an  Arrhenius  analysis  to  the  data.  It  may 
also  be  found  by  fitting  the  line  shape  assuming  that  SC 
=  SCQ  exp(—  eRl)  where  t  is  the  time,  and 

eR=(rhvthNvexp(-EA/kBT),  (1) 

where  ah  is  the  hole  capture  cross  section,  v  th  is  the  hole 
thermal  velocity,  Nv  is  the  density  of  states  at  the  valence 
band  edge,  kB  is  the  Boltzmann  constant,  and  T  is  the  tem¬ 
perature.  This  method  of  extracting  an  activation  energy  and 
capture  cross  section  is  difficult  for  spectra  containing  sev¬ 
eral  overlapping  lines.  The  discussion  above  applies  to  sto¬ 
ichiometric  or  impurity-related  defects  distributed  spatially 
in  the  GaAs,  as  well  as  to  defects  and  quantum-confined 
states  associated  with  the  GaSb  dots. 

Profiling  techniques  are  a  useful  tool  that  can  be  applied 
to  determine  whether  lines  in  the  spectra  are  associated  with 
defects  distributed  through  the  GaAs,  or  in  the  GaSb  QDs,  or 
with  quantum-confined  energy  levels  on  the  GaSb  QDs. 
These  procedures  involve  using  different  combinations  of 
reverse  bias  and  filling  pulse  height  to  probe  the  sample,  and 
may  be  understood  by  considering  Fig.  1.  For  a  distribution 
of  quantum-confined  energy  states  spatially  localized  on  the 
dots  the  bias  may  be  viewed  as  setting  the  location  of  the 
Fermi  energy  in  the  distribution,  and  the  filling  pulse  as  mov¬ 
ing  the  Fermi  energy  through  a  small  slice  of  the  energy 
distribution,  thereby  picking  the  energy  range  that  will  cap¬ 
ture  and  emit  charge.  Therefore,  the  peak  position  of  a  DLTS 
line  associated  with  an  energy  distribution  is  expected  to  be 
bias  dependent.  A  defect  with  a  well  defined  activation  en¬ 
ergy  Ea  but  spatially  distributed  throughout  the  GaAs  will 
have  a  peak  temperature  that  is  independent  of  the  bias  and 
filling  pulse  height.  If  the  defect  concentration  varies  with 
the  distance  from  the  n  1  p  interface,  the  peak  amplitude  will 
change  as  the  region  in  space  being  sampled  is  chosen  by  the 
bias  and  pulse  height.  For  the  measurements  reported  here  it 
is  important  to  remember  that  using  a  large  bias  with  a  small 
pulse  height  will  sample  a  region  further  from  the  n  1  p  in¬ 
terface  than  the  region  examined  with  the  same  pulse  height 
but  a  smaller  bias.  The  spectra  for  defects  in  the  GaSb  dots 
should  have  a  peak  position  that  is  independent  of  bias,  and 
amplitude  that  depends  on  the  bias  and  pulse  height. 
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FIG.  2.  The  layer  structure  grown  onan+  GaAs  substrate  by  MBE  with  the 
dots  located  either  0.17  or  0.25  pm  from  the  n+p  interface. 
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FIG.  3.  AFM  image  of  GaSb  dots  grown  on  GaAs  surface.  The  diameter 
and  height  are  33  ±4  nm  and  5  ±  1.3  nm,  respectively,  for  dots  formed  by 
the  deposition  of  3  ML  of  GaSb. 


Capacitance-voltage  data  were  also  recorded  at  a  variety 
of  temperatures,  as  this  data  is  necessary  to  plot  the  spectra 
as  SC/C0  where  C0  is  the  capacitance  at  the  reverse  bias 
used.  SC/Cq  is  proportional  to  pdotL/W2Na  where  pdot  is  the 
density  of  the  hole  charge  emitted  from  a  dot  and  Na  is  the 
acceptor  doping  density.  Similarly,  if  N,  is  the  density  of 
traps  distributed  through  the  GaAs  then  SC/Cq  is  propor¬ 
tional  to  N,/Na.  Since  Na=4X  1016cm~3  from  the  C-V 
data  and  the  growth  conditions,  plotting  the  spectra  as 
SC/C0  allows  rough  comparisons  of  dot  charge  and  defect 
concentrations  to  be  made. 

The  n+p  diodes  were  prepared  by  MBE  on  n  1  GaAs 
substrates  using  Si  and  Be  for  the  n-  and  p-type  dopants, 
respectively.  The  GaSb  dots  were  grown  on  the  p  side  either 
0.17  or  0.25  pm  from  the  n  '  p  interface  as  indicated  in  Fig. 
2.  Additional  details  of  GaSb  QD  growth  are  found  in  Refs. 
6,  7,  and  15.  Two  control  samples  were  also  prepared.  One 
contained  no  dots  and  the  other  contained  a  1  monolayer 
(ML)  GaSb  wetting  layer.  Standard  photolithography  tech¬ 
niques  were  used  to  define  ohmic  contacts  to  the  p-type 
GaAs  and  to  define  mesas,  which  were  etched  to  isolate  in¬ 
dividual  devices.  An  ohmic  contact  was  formed  on  the  back¬ 
side  of  the  n +  substrate.  A  1  MHz  capacitance  meter  and  a 
dual  channel  boxcar  were  used  to  record  the  DLTS  data  pre¬ 
sented  here. 

RESULTS 

The  MBE  growth  parameters  for  the  GaSb  QDs  were 
mapped  by  AFM  measurements  on  uncapped  QDs15-17  as 
the  AFM  is  unable  to  examine  the  QDs  buried  in  the  p  1  n 
diodes.  An  image  of  a  sample  formed  by  depositing  3  ML  of 
GaSb,  is  presented  in  Fig.  3  to  illustrate  the  size  and  distri¬ 
bution  of  the  QDs.  The  diameter  and  height  of  the  QDs  are 
33±4.0nm  and  5±1.3nm,  respectively,  and  their  density 
ranged  between  1  and  2  X  10 10  cm  2.  QDs  were  not  found  by 
AFM  measurements  on  a  sample  with  a  1  ML  GaSb  wetting 
layer.  While  the  energy  levels  in  a  single  dot  may  be  well 
defined,  the  variations  in  the  dot  sizes  will  broaden  the  ob¬ 
served  energy  distribution  for  the  quantum-confined  levels. 

The  DLTS  data  in  Fig.  4  illustrate  that  the  two  samples 
containing  dots  have  similar  spectra  with  five  prominent 


peaks  that  are  due  to  the  dot  growth  as  no  peaks  are  found  in 
the  spectrum  for  the  control  sample  without  GaSb.  To  obtain 
these  spectra  VR=  —  6  V,  PH  =  6V,  and  PW=10p,s  were 
used  for  the  sample  with  the  dots  located  at  L  =  0.17  pm, 
and  VR  =  —  8  V,  PH  =8  V,  and  PW=5  ps  were  used  for  the 
one  with  the  dots  located  at  L  =  0.25  p.m.  The  need  to  use 
different  biases  and  pulse  heights  to  obtain  similar  spectra  is 
consistent  with  the  dots  being  at  different  locations  in  the 
two  samples.  The  wetting  layer  sample,  which  was  grown 
with  1  ML  of  GaSb,  was  measured  with  V R=  —  5  V,  PH 
=  5  V,  and  PW=5  ps.  It  has  a  broad  feature  with  a  peak 
near  350  K,  which  is  close  to  a  line  found  in  both  dot 
samples.  This  peak  may  be  due  to  a  defect  common  to  all 
three  samples.  Because  this  peak  is  found  at  a  high  tempera¬ 
ture,  it  is  most  likely  due  to  a  state  that  is  deep  in  the  band 
gap  with  a  large  binding  energy.  It  is  not  likely  to  be  due  to 
a  subband  of  the  quantum  well  formed  by  the  wetting  layer, 
as  a  narrow  well  should  have  subbands  with  small  binding 
energies.  Spectra  were  also  recorded  with  PW  =  1  ms  to 
check  for  other  lines  due  to  states  with  smaller  capture  rates 
and  to  determine  whether  the  observed  lines  were  saturated. 
The  300  K  peak  for  the  samples  with  the  quantum  dots  lo¬ 
cated  L  =  0.17  pm  and  L  =  0.25  pm  from  the  n  1  p  interface 
increased  in  intensity  by  45%  and  25%,  respectively,  and  no 
other  peaks  were  found  when  using  PW=  1  ms  rather  than  5 
ps.  The  data  acquired  for  the  Arrhenius  analysis  presented 
below  were  measured  with  a  PW=5  ps  as  it  allowed  the  251 
K  peak  to  be  more  distinct,  and  not  just  a  shoulder  on  the 


T(K) 

FIG.  4.  The  DLTS  spectra  for  a  control  sample  with  no  dots,  a  sample  with 
a  1  ML  GaSb  wetting  layer,  and  junctions  with  the  dots  at  0.17  and  0.25  /xm 
from  the  p+n  interface. 
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FIG.  5.  Profile  data  with  VR  —  —  6  V  with  filling  pulse  heights  of  1,  3,  and  6 
V  for  the  junction  with  L  =  0.17  /xm.  The  activation  energies  EA  and  the 
capture  cross  sections  ah  obtained  from  an  Arrhenius  analysis  are  listed  in 
Table  I. 


side  of  the  300  K  line.  Additional  measurements  were  made 
on  the  peaks  near  213,  251,  and  300  K  to  determine  whether 
they  are  associated  with  the  QDs  or  the  GaAs.  The  line  near 
400  K  in  the  QD  spectra  in  Fig.  4  is  too  weak  to  study  in 
detail. 

The  series  of  profile  experiments  shown  in  Fig.  5  were 
performed  on  the  sample  with  the  GaSb  dots  located  0.17 
/Am  from  the  n  p  junction  by  applying  a  6  V  reverse  bias 
with  either  a  1,  3,  or  6  V  filling  pulse.  The  larger  the  filling 
pulse  height,  the  closer  the  layer  sampled  will  be  to  the  dots 
making  it  more  likely  that  the  dots  will  capture  holes  and  be 
observed  in  the  spectra.  Capacitance-voltage  data  measured 
on  the  sample  indicate  that  the  depletion  edge  during  the 
filling  pulse  is  about  0.33  /Am  from  the  QDs  when  using 
PH=  1  V  with  VR  =  -6  V.  The  PH=  1  V  (PW=  1  ms)  data 
thus  represents  a  part  of  the  sample  that  does  not  include  the 
QDs,  and  therefore,  lines  e,  f,  and  g  are  associated  with  de¬ 
fects  in  the  GaAs.  These  three  peaks  are  also  found  in  the 
spectra  for  the  PH  =  3  V  (PW=  1  ms)  and  are  labeled  a,  c, 
and  d  in  the  spectra  for  PH=  6  V  (PW  =  50  /as)  .  The  increase 
in  amplitude  of  these  lines  occurs  because  more  defects  are 
included  when  the  volume  sampled  is  made  larger  by  in¬ 
creasing  the  pulse  height.  The  defects  associated  with  these 
three  lines  may  be  due  either  to  Sb  that  has  diffused  away 
from  the  dot  region  or  to  stress-induced  defects  in  the  GaAs. 
The  peaks  at  350  K  are  near  the  line  in  the  wetting  layer 
control  sample  in  Fig.  4,  and  are  believed  to  be  associated 
with  defects  introduced  at  the  start  of  the  GaSb  deposition 
rather  than  to  quantum-confined  energy  levels  in  the  QDs. 
The  curve  labeled  PH  =6  V  contains  an  additional  peak,  b, 
near  250  K  that  represents  a  new  energy  level  from  a  part  of 
the  sample  in  the  vicinity  of  the  dots. 

The  data  in  Fig.  6  for  the  sample  with  the  dots  located 
0.25  /Am  from  the  n  1  p  junction  were  obtained  using  a  vari¬ 
ety  of  biases  each  with  PH=0.5  V  and  PW  =  5  /as.  All  four 
spectra  contain  a  peak  near  213  K  where  the  low  temperature 
line  is  found  in  the  previous  figure.  With  increasing  bias  the 
high  temperature  line  for  VR  =  —  1.5  V  shifts  to  higher  tem¬ 
peratures  and  becomes  broader.  Similar  spectra  were  ob¬ 
served  when  this  profiling  procedure  was  used  on  the  sample 
with  the  dots  at  L  =  0.17  /Am,  but  a  somewhat  different  bias 
dependence  was  found  for  the  high  temperature  peak.  The 
bias  dependence  may  be  understood  by  examining  Fig.  1, 
and  assuming  the  peak  is  due  to  quantum-confined  energy 


FIG.  6.  Profile  data  for  the  device  with  L  =  0.25  /xm  using  PH=0.5  V  for 
VR=  —4.5  V,  —3  V,  —2  V,  and  —1.5  V.  The  lines  are  offset  vertically  by 
0.2  for  clarity.  The  activation  energies  EA  and  capture  cross  sections  ah  are 
listed  in  Table  II. 


levels  on  a  QD.  When  a  large  bias  is  applied,  the  Fermi  level 
crosses  the  dots  deep  in  the  well  so  the  states  sampled  will 
have  a  large  activation  energy  resulting  in  a  peak  at  a  high 
temperature.  The  states  sampled  with  a  lower  bias  will  be 
nearer  to  the  band  edge  with  a  smaller  activation  energy, 
which  will  result  in  a  peak  at  a  lower  temperature.  It  would 
be  difficult  to  explain  the  peak  shifting  to  a  higher  tempera¬ 
ture  with  increasing  bias  assuming  a  point  defect  distributed 
through  out  the  volume  of  the  sample.  Typically,  a  point 
defect  has  a  peak  position  that  is  independent  of  the  bias,  or 
a  peak  that  shifts  to  lower  temperature  as  the  bias  is  in¬ 
creased  because  of  electric-field-assisted  emission  processes. 

The  profiling  procedure  used  to  prepare  Fig.  6  was  used 
on  both  QD  samples  to  determine  the  bias  dependence  of  the 
peak  temperature  and  amplitude  of  the  high  and  low  tem¬ 
perature  peaks  shown  in  Fig.  6.  A  variety  of  reverse  biases 
each  with  PH  =  0.5  V  were  used  to  make  the  peak  tempera¬ 
ture  measurements  illustrated  by  the  squares,  L  =  0.25  /Am, 
and  circles,  L  =  0. 17  /Am,  in  Fig.  7.  The  open  symbols  dem¬ 
onstrate  that  the  position  of  the  peak  near  213  K  in  both  Figs. 
5  and  6  is  independent  of  bias,  as  is  expected  for  a  defect 
distributed  throughout  the  GaAs  on  top  of  the  QDs.  An  ex¬ 
amination  of  the  intensity  of  this  line  in  Fig.  5  adds  more 
evidence  in  support  of  it  being  due  to  a  defect  in  the  GaAs. 
The  line  is  found  in  the  spectra  measured  with  VR  =  —  6  V, 
and  PH=  —  1  V,  which  are  parameters  that  sample  the  GaAs 
grown  on  top  of  the  GaSb  dots,  but  not  the  region  near  the 
QDs.  In  addition,  the  amplitude  of  the  213  K  line  increases 
in  Fig.  5  as  larger  volumes  of  the  GaAs  are  included  when 


FIG.  7.  Dependence  of  the  peak  temperature  on  the  magnitude  of  the  re¬ 
verse  bias  \VR\  with  PH=0.5  V  for  both  QD  samples  for:  Fig.  5,  L 
=  0.17  /rm;  O  line  a,  •  line  b:  Fig.  6,  L  =  0.25  /xm;  □  line  a,  ■  line  b. 


J.  Appl.  Phys.,  Vol.  88,  No.  10,  15  November  2000 


Magno,  Bennett,  and  Glaser  5847 


FIG.  8.  Peak  amplitude  dependence  on  the  magnitude  of  the  reverse  bias 
|FS|  with  PH=0.5V  for:  Fig.  5,  L  =  0.17/ttm;  •  line  b:  Fig.  6,  L 
=  0.25  /tint  ■  line  b. 


the  pulse  height  is  increased  to  3  V  and  then  6  V.  The  solid 
squares  in  Fig.  7  show  the  bias  dependence  of  the  high  tem¬ 
perature  peak  for  the  L  =  0.25  /xm  sample  in  Fig.  6,  and  the 
closed  circles  indicate  that  similar  results  were  obtained  for 
the  L  =  0.17  /xm  sample  in  Fig.  5.  These  curves  are  consis¬ 
tent  with  the  notion  that  they  due  to  similar  quantum  wells 
located  at  different  distances  from  the  n+ p  junction.  The 
gradual  shift  of  the  peak  temperature  with  bias  indicates  that 
a  band  of  states  is  being  probed  as  the  bias  is  increased. 
Because  of  the  band  bending  illustrated  in  Fig.  1,  a  larger 
bias  is  required  to  obtain  a  peak  at  a  given  temperature  for 
the  L  =  0.25 /xm  sample  (closed  squares)  than  for  the  L 
=  0.17  /xm  (closed  circles)  one.  A  particular  interesting  fea¬ 
ture  is  the  plateau  found  near  280  K  for  2.8<  |  VR\  <3.5  for 
the  closed  squares  and  1.5< |  V^| <2.5  for  the  closed  circles 
that  suggests  both  sets  of  QDs  have  the  same  energy  thresh¬ 
old.  The  data  represented  by  the  closed  squares  show  a  tran¬ 
sition  to  a  second  plateau  at  295  K  for  |  VR  \  >4  V.  Line  d  in 
Fig.  6  measured  with  |  Vs|=4.5  V  is  on  this  second  plateau, 
and  thus  it  may  not  be  due  to  a  quantum-confined  level  on 
the  quantum  dots.  While  only  a  single  point  at  |y^|  =  3  V 
with  a  peak  temperature  of  295  K  is  shown  for  the  closed 
circle  data,  it  indicates  that  a  transition  to  another  tempera¬ 
ture  level  is  occurring  for  this  sample  too. 

The  amplitude  of  the  high  temperature  peak  for  both 
samples  are  presented  in  Fig.  8,  and  again  a  bias  dependent 
threshold  is  found  at  about  2.5  V  for  the  circles  and  3.5  V  for 
the  squares.  While  data  are  shown  for  bias  values  from  4  to 
8  V  for  the  closed  squares,  the  low  amplitude  and  width  of 
the  peak  lead  to  some  uncertainty  about  its  identity,  as  it  may 
contain  a  component  from  the  defect  associated  with  peak  f 
in  Fig.  5.  This  peak  is  expected  to  be  due  to  a  defect  in  the 
GaAs  grown  over  the  dots  in  that  sample  and  it  may  be 
present  here  too.  A  detailed  analysis  of  the  amplitude  data 
for  biases  below  the  thresholds  mentioned  above  has  not 
been  done,  but  the  data  suggest  an  increase  in  the  number  of 
holes  captured  and  emitted  as  the  measurement  probes  the 
states  closer  to  the  valence  band  edge. 

Activation  energies  EA  for  the  peaks  labeled  a-g  in  Fig. 
5  are  listed  in  Table  I,  and  those  for  a-d  in  Fig.  6  are  listed 
in  Table  II.  These  were  obtained  by  recording  spectra  for 
many  emission  rates  eR  in  order  to  do  an  Arrhenius  analysis 
using  Eq.  (1).  The  energies  for  lines  a  and  e  in  Table  I  are 
very  close  to  each  other  and  close  to  the  energies  for  line  a 


TABLE  I.  The  activation  energy  EA  and  capture  cross  section  (Th  from  an 
Arrhenius  analysis  of  the  lines  labeled  a-g  in  Fig.  5  for  the  sample  with  the 
QDs  at  L=0. 17  /r m  from  the  n+p  interface. 


Bias  (V) 

Pulse  height  (V) 

Line 

Ea  (meV) 

07,  (cm2) 

—6 

6 

a 

420 

1.7X  10“ 14 

b 

520 

5.1  X  10“ 14 

c 

610 

2.3X10“ 14 

d 

840 

5X10“ 13 

—6 

1 

e 

390 

4X  10“15 

f 

640 

1.1X10“13 

g 

900 

5X10“ 12 

and  c  in  Table  II  suggesting  a  common  defect  in  both 
samples.  The  capture  cross  section  for  line  a  in  Table  I  is 
different  from  the  other  three,  but  examination  of  the  spectra 
in  Fig.  5  shows  that  this  line  is  riding  on  the  side  of  a  more 
intense  line  making  the  choice  of  peak  position  difficult. 
Lines  d  and  g  in  Fig.  5  are  also  close  in  energy  and  have 
been  identified  as  a  defect  in  the  GaAs  grown  on  the  GaSb 
because  the  bias  conditions  for  g  do  not  sample  near  the  dots. 
In  addition  these  lines  are  close  to  the  single  line  found  in  the 
1  ML  GaSb  wetting  layer  control  sample.  There  is  no 
equivalent  to  the  350  K  line  of  Fig.  5  in  Fig.  6.  This  may 
reflect  the  differences  in  the  two  profiling  methods,  or  a 
lower  concentration  of  the  350  K  defect  in  this  sample. 

Lines  b  in  both  Figs.  5  and  6  are  found  to  have  very 
similar  activation  energies  and  capture  cross  sections,  and 
from  their  behavior  in  the  profile  experiments  they  are  iden¬ 
tified  with  a  quantum-confined  level  in  the  dots.  The  bias 
conditions  used  to  measure  the  activation  energy  for  line  b  in 
Fig.  6  were  chosen  by  considering  the  plateau  at  a  bias  of  3 
V  in  Fig.  7  to  represent  a  threshold  in  the  dot’s  energy  dis¬ 
tribution.  Only  the  larger  QDs  are  believed  to  be  contributing 
to  peak  b  in  Fig.  6  as  an  analysis  of  the  amplitude  indicates 
that  only  about  one  of  every  two  QDs  are  emitting  holes. 
Thus,  the  550  meV  activation  energy  represents  the  threshold 
energy  deep  in  the  well.  The  activation  energy  of  520  meV 
for  line  b  in  Fig.  5  is  somewhat  smaller,  which  may  reflect 
that  the  dots  in  this  sample  are  somewhat  smaller.  Alterna¬ 
tively,  this  measurement  is  averaging  over  a  slightly  larger 
energy  range  in  the  dots  and  thus  includes  holes  emitted 
from  shallower  energy  levels.  By  considering  the  band  bend¬ 
ing  in  Fig.  1  it  is  possible  to  understand  that  not  all  energy 
levels  in  the  dot  may  be  filled  with  the  bias  and  pulse  height 
combinations  used  to  acquire  the  data  in  Fig.  5.  If  the  band 
bending  is  large  enough  only  a  small  band  of  energies  near 
the  bottom  of  the  well  may  be  accessible,  and  this  appears  to 
be  the  case  because  520  meV  activation  energy  is  near  the 


TABLE  II.  The  activation  energy  EA  and  capture  cross  section  crh  from  an 
Arrhenius  analysis  of  the  lines  labeled  a-d  in  Fig.  6  for  the  sample  with  the 
QDs  at  L  =  0.25  /xm  from  the  n+p  interface. 


Bias  (V) 

Pulse  height  (V) 

Line 

Ea  (meV) 

a,,  (cm2) 

-3.0 

0.5 

a 

400 

4.5X10“ 15 

b 

550 

1.1X10“14 

-4.5 

0.5 

c 

380 

2.8X  10“15 

d 

630 

1.1X10“13 
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550  meV  found  for  line  b  in  Fig.  6.  The  amplitude  data  in 
Fig.  8  indicates  that  at  low  bias  the  DLTS  is  approaching  a 
peak  in  the  dot’s  distribution  of  states  in  energy.  To  obtain 
an  estimate  of  the  energy  distribution,  the  line  shape  for  the 
V R=  —  1.5  V  peak  in  Fig.  6  was  fit  using  the  procedures 
described  above  to  find  E  A  =  400  meV  and  crh 
=  3.7X  10~16cm2. 

Similar  activation  energies  and  capture  cross  sections  are 
found  for  lines  c  and  f  in  Fig.  5  and  line  d  in  Fig.  6,  suggest¬ 
ing  that  these  lines  have  similar  origins.  Because  line  f  in 
Fig.  5  is  found  for  bias  and  pulse  height  conditions  that  do 
not  reach  the  dots,  it  is  attributed  to  defects  in  the  GaAs. 
Similarly,  line  c  in  Fig.  5  and  d  in  Fig.  6  are  also  associated 
with  defects  in  the  GaAs. 

DISCUSSION 

The  DLTS  data  presented  here  provide  evidence  for 
quantum-confined  levels  in  MBE  grown  self-assembled 
QDs,  and  they  demonstrate  the  introduction  of  defects  in  the 
GaAs  during  the  growth.  The  dots  were  located  at  different 
positions  relative  to  the  n  1  p  interface  to  aid  in  using  profil¬ 
ing  techniques  to  separate  defects  in  the  neighboring  GaAs 
from  features  due  to  the  GaSb  dots.  The  spectra  for  both  dot 
samples  contain  five  discernable  peaks,  while  the  control 
sample  with  a  1  ML  GaSb  wetting  layer  has  only  a  single 
broad  weak  DLTS  line  near  350  K.  No  DLTS  lines  are  found 
in  the  spectra  of  a  control  sample  without  any  GaSb.  Four  of 
the  lines  in  the  QD  samples  were  studied  in  detail  while  the 
fifth  was  not  as  it  appeared  as  a  weak  high  temperature 
shoulder  on  a  more  intense  line.  Three  of  the  lines  are  iden¬ 
tified  by  the  profile  measurements  as  defects  in  the  GaAs  in 
the  vicinity  of  the  GaSb  dots.  One  of  these  three  is  at  the 
same  temperature  as  the  single  line  found  in  the  1  ML  GaSb 
wetting  layer  sample  further  supporting  the  notion  that  it  is 
not  due  to  a  quantum-confined  level  on  the  QDs.  The  defect 
lines  found  in  the  dot  samples  have  activation  energies  and 
capture  cross  sections  from  an  Arrhenius  analysis  that  are 
similar  to  those  reported  in  the  literature.23  26  The  nature  of 
these  is  still  a  topic  of  discussion,  as  they  are  also  associated 
with  native  defects  such  as  vacancies,  interstitials,  antisites, 
and  in  some  cases  with  impurities  such  as  Cu  and  Fe.  Be¬ 
cause  the  SK  growth  mode  involves  the  strain-induced 
movement  of  GaSb  to  form  quantum  dots  it  is  likely  that 
stoichiometric  defects  will  be  left  in  the  GaAs  near  the  dots 
in  small  quantities  measurable  in  a  DLTS  experiment.  One 
of  the  features  in  the  QD  spectra  is  consistent  with  what  is 
expected  for  a  spatially  localized  well  with  a  distribution  of 
states  in  energy. 

The  bias  dependence  of  the  peak  temperature  and  ampli¬ 
tude,  illustrated  in  Figs.  7  and  8,  are  consistent  with  what  is 
expected  for  the  DLTS  spectra  of  QDs  with  a  broad  distri¬ 
bution  of  states  in  energy.  An  analysis  of  the  amplitude  of 
the  Vr=-3  V  peak  in  Fig.  6  gives  a  concentration  of  5 
X  109/cm2  for  the  number  of  holes  emitted.  This  represents 
less  than  one  hole  per  dot  when  compared  to  1-2 
X  101()  dots/cm2  found  by  AFM  measurements.  This  com¬ 
parison  supports  the  notion  that  the  550  meV  activation  en¬ 
ergy  represents  an  energy  threshold.  The  smallest  energy  as¬ 


sociated  with  the  quantum  confined  spectra  is  the  400  meV 
obtained  from  the  line  shape  analysis  of  the  VR=  —  1.5  V 
data  in  Fig.  6.  An  estimate  of  2  X  1011  holes/cm2  is  found  for 
the  number  of  holes  that  may  be  trapped  in  the  quantum 
confined  states.  This  is  obtained  from  an  analysis  of  the  am¬ 
plitude  of  line  b  in  Fig.  5  where  the  bias  and  pulse  height 
conditions  are  expected  to  nearly  fill  the  QD.  As  the  AFM 
measurements  give  1 -2 X  1010 dots/cm2,  this  count  gives  an 
estimate  of  10-20  trapped  holes  on  a  filled  dot.  An  estimate 
of  the  Coulomb  charging  energy  may  be  found  by  assuming 
the  quantum  dots  are  disks,  as  their  diameter  is  large  com¬ 
pared  to  their  height.  Thus,  using  C~8ec//2  with  d 
=  33nm,  a  Coulomb  charging  energy,  q2/C,  of  10.5  meV  is 
found.  This  is  larger  than  the  7.5  meV  calculated  using 
(550-400)  meV/20,  but  the  energy  difference  (550-400) 
meV  is  an  underestimate  of  the  width  of  the  energy  distribu¬ 
tion  in  the  dots.  In  this  calculation,  the  threshold  energy  550 
meV  is  used  for  the  bottom  of  the  energy  distribution  and 
400  meV  (the  energy  for  the  V R  =  —  1.5  V  data  in  Fig.  6)  is 
taken  for  the  top,  and  20  is  assumed  for  the  number  of 
trapped  holes.  Because  of  the  large  distribution  in  dot  dimen¬ 
sions,  it  is  difficult  to  be  more  precise  than  the  above  calcu¬ 
lation.  The  broad  band  associated  with  quantum  confinement 
found  here  may  result  from  averaging  several  quantum- 
confined  levels. 

A  number  of  PL  measurements  have  been  published  on 
GaSb  dots  made  both  in  this  laboratory7  and  others,6'8  and 
they  have  associated  a  PL  line  at  1.14  e V  with  the  recombi¬ 
nation  of  an  electron  in  the  GaAs  with  a  hole  in  the  GaSb. 
This  PL  data  is  consistent  with  the  DLTS  reported  here.  The 
difference  between  the  GaAs  band  gap,  1.52  eV,  and  the  1.14 
eV  PL  energy  gives  an  estimate  of  380  meV  for  the  position 
of  the  GaSb  energy  level  above  the  GaAs  valence  band  edge. 
This  is  comparable  with  400  meV  found  here  for  the  low 
bias  DLTS  peak  while  the  550  meV  DLTS  threshold  energy 
corresponds  to  the  long  wavelength  limit  of  the  PL  band. 

In  conclusion,  DLTS  has  been  used  to  study  the  forma¬ 
tion  and  properties  of  GaSb  self-assembled  QDs  grown  on 
GaAs  by  MBE.  The  quantum-confined  ground  state  is  found 
to  have  an  energy  band  that  starts  near  550  meV  above  the 
valence  band  edge  and  extends  to  at  least  400  meV  from  the 
band  edge.  The  amplitude  of  the  DLTS  peak  indicates  that 
the  quantum-confined  band  can  contain  up  to  20  holes.  The 
growth  of  the  dots  results  in  the  formation  of  defects  in  the 
neighboring  GaAs.  While  the  energies  of  some  of  these  ad¬ 
ditional  lines  are  similar  to  lines  reported  in  the  literature,  the 
capture  cross  sections  are  too  different  to  make  conclusive 
comparisons.  The  identity  of  many  of  the  defects  is  still  the 
subject  of  research. 
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